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Abstract The dynamic process of flow separation on a stationary airfoil in a uniform flow was investigated
experimentally by means of time-resolved measurements of the velocity field and the airfoil’s surface pressure
distribution. The unsteady movement of the separation point, the growth of the separated region, and surface
pressure fluctuations were examined in order to obtain information about the chronology of stall development.
The early inception of stall is characterised with the abrupt upstream motion of the separation point. During
subsequent stall development, large scale shear layer structures are formed and grow while travelling down-
stream. This leads to a gradual increase of the separated flow region reaching his maximum size at the end of
stall development which is marked by a significant lift drop.
1 Introduction
Stall on lifting surfaces is a commonly encountered, mostly undesired, condition in aviation that
occurs when a critical angle of attack is exceeded. At low angles of attack α , lift increases linearly
with α . At higher angles of attack an adverse pressure gradient builds up on the airfoil’s suction side
which eventually forces the flow to separate and the lift to drop. The stall process comprises a series of
complex aerodynamical phenomena, including transition to turbulence, shear layer instability, vortex
formation, and flow separation.
In order to efficiently and effectively delay the stall process, fundamental understanding of the dy-
namic processes associated with stall is essential. This means that we need detailed information of the
unsteady flow development and in particular of the formation and interaction of coherent structures.
Only recently time–resolved particle image velocimetry (TR-PIV) became available which allows for
the investigation of the development and temporal evolution of unsteady flow features. Whereas past
experimental investigations generally focused on either the pre–stall or the post–stall flow, the present
study provides time-resolved recordings of the velocity field and unsteady surface pressure distribu-
tions during stall development and allows for the examination of the chronology of events during stall
development.
2 Experimental Set-up and Methods
Experiments consisted of TR-PIV and unsteady surface pressure measurements on a stationary two-
dimensional airfoil model with an OA209 profile in a uniform subsonic flow (Mach number Ma =
0.16) at a free stream Reynolds number Re = 1.8×106 (based on the chord length c= 500mm). The
airfoil model with a span of 1.4m, yielding an aspect ratio of 2.8, was fitted into the closed test section
of the F2 wind–tunnel at ONERA Toulouse, which had a rectangular cross section of 1.4m×1.8m.
TR-PIV measurements were conducted in the cross sectional plane at model mid-span. In order
to achieve both a satisfying spatial and temporal resolution while covering the flow field over the
entire chord length, four CMOS cameras were used simultaneously. Two of them were placed in a
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Fig. 1 Position of the PIV fields of view (a) and location of the unsteady pressure sensors in the mid-span of the OA209
airfoil section (b).
stereoscopic configuration focussing on the leading edge region (cf. FOV 1 in figure 1). Two cameras
recorded the flow in the central and the trailing edge region (cf. FOV 2 and FOV 3 in figure 1). Time
series of 10000 frames were recorded at 2100Hz, corresponding to an acquisition rate of 1050Hz for
the velocity fields. Synchronised with the TR-PIV, the surface pressure distribution at the model mid-
span was acquired at 51.2kHz by 37 miniature pressure transducers chordwisely distributed. The lift
and pitching moment coefficient were determined by integrating the instantaneous surface pressure
distributions.
To provoke a transition of the flow on the airfoil from an attached into a stalled state, the airfoil
was set at an initial position with an angle of attack of approximately α = 15°, which is slightly below
the static stall angle of attack αss. Subsequently, static stall was induced by an abrupt increase of the
airfoil’s angle of attack beyond αss while measuring the response on the unsteady surface pressure
distribution and the velocity field. This process was repeated 6 times.
To handle and explore the time–resolved flow field data, advanced post–processing techniques
are required. Recently, Mulleners and Raffel (2012) combined an Eulerian vortex detection crite-
rion (Michard et al, 1997) and a proper orthogonal decomposition (POD) (Sirovich, 1987) of the
velocity field to investigate the dynamic stall development of an oscillating airfoil in a uniform sub-
sonic flow. The same methods are used here and we refer to Mulleners and Raffel (2012) for a detailed
description of the methods and their implementation.
3 Results and Discussion
Prior to tackling the dynamic processes associated with airfoil stall, we briefly discuss the general
stalling characteristics of the OA209 profile.
3.1 General Stalling Characteristics
The airfoil profile considered in this study was an OA209 profile which is a typical helicopter pro-
file with a maximum thickness of 9%. The stationary variations of the lift and pitching moment
coefficients reveal the stalling characteristics of this airfoil section at a free stream Reynolds number
Re = 1.8×106 (figure 2). At low angles of attack α , lift increases linearly with α and the pitching
moment is negligibly small and constant. For α between 15.2° and 15.3°, the lift and pitching mo-
ments decrease abruptly. However, before maximum lift Cl,max = 1.36(3) is reached, the lift curve is
slightly rounded. This indicates a combined trailing edge and leading edge stall type (McCullough
and Gault, 1951; Gault, 1957).
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Fig. 2 Static variations of the lift (a) and pitching moment (a) coefficient with angle of attack for the OA209 and Re
=1.8×106.
3.2 Stall development
Airfoil stall was intentionally provoked by suddenly increasing the angle of attack from slightly be-
low to immediately beyond the static stall angle of attack αss. During this transition the separating
flow field and the airfoil’s surface pressure distribution were measured simultaneously with a high
temporal resolution allowing us to investigate the sequence of events during stall inception. Within
the observation period, the angle of attack was increased from α = 15.04(1)° to α = 15.525(2)° (fig-
ure 3). In response, the lift coefficient decreased from Cl = 1.35(2) ≈Cl,max to Cl = 0.89(9), which
clearly indicates the occurrence of stall. Exemplary instantaneous flow fields representing pre-stall
and post-stall flow states are shown in figure 4. At pre-stall, the flow is attached for the most part
15
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Fig. 3 Exemplary evolution of the lift coefficient and angle of attack for an intentionally stalled airfoil.
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Fig. 4 Instantaneous flow fields at α = 15.06° (a) and α = 15.49° (b) representing pre-stall and post-stall flow states.
(figure 4a). There is a small recirculation region at the trailing edge, which is responsible for the
decrease in lift slope near the stall angle in figure 2a. The post-stall flow field is characterised by a
large separation region which starts near the leading edge (figure 4b).
As a first step towards analysing the characteristic features of stall development, we need to delimit
the time period enclosing the transition from unstalled to stalled. For this purpose, we revert to the
proper orthogonal decomposition (POD) method, which was used successfully by Mulleners and
Raffel (2012) to determine dynamic stall onset based directly on the flow field. Here, we performed
a POD of ensemble of velocity fields from 6 runs, in which the same stall provoking procedure is
repeated. The spatial modes were calculated based on the ensemble of velocity field from different
runs and the time development coefficients arise from the projection of the velocity field within one
run on the basis formed by the spatial modes.
The first and most energetic pair of modes represent the unstalled and stalled state, respectively
(figure 5a and b). The instantaneous energy contribution of these modes is indicated by the corre-
sponding time development coefficient (figure 5c). During pre-stall, the flow field is more or less
stationary and the temporal POD coefficients are approximately constant. After stall onset, the flow
field is dominated by the dynamics and interaction of coherent structures and the POD coefficients
show strong fluctuations. Despite these fluctuations, we can clearly distinguish two different levels for
the second mode coefficient a2, an unstalled and a stalled level. These levels are denoted by a2,unstalled
and a2,stalled, respectively, and were determined by averaging a2 in the interval indisputably before and
after stall inception. Stall development is now defined as the time period during which the flow passes
from an unstalled into a stalled flow state. The starting point of stall development is specified here
as the time instant at which a2 leaves the unstalled level. Similarly, the end point is specified as the
time instant at which a2 reaches the stalled level. Mathematically, the start and end points of stall
development, denoted by t0 and t1, are defined as
t0 = tn | ∀ tm > tn, a2(tm)> a2,unstalled
t1 = tn | ∀ tm < tn, a2(tm)< a2,stalled .
Stall development includes a number of unsteady flow phenomena that we are about to unravel.
3.2.1 Surface Pressure Fluctuations
When the flow on a airfoil separates, it is accompanied by large pressure fluctuations on the airfoil’s
surface. Considering t0 and t1 as the delimiters of stall development, we can compute the average
surface pressure distribution and local standard deviations at pre-stall, during stall development, and
at post-stall (figure 6). The large suction peak at the leading edge and the overall low pressure fluctu-
ations at pre-stall confirm that the flow is unstalled up to t0, while the decrease of the suction peak and
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Fig. 5 First (a) and second (b) spatial modes ψ i(x,z) of the POD of the velocity field and the corresponding time devel-
opment coefficients ai(t) (c). In the enlarged view of a2(t) (d), the stalled and unstalled levels and the delimiters t0 and t1
of stall development are indicated.
the overall increased fluctuations at post-stall indicate that the flow is indeed stalled after t1. The lo-
cation of the separation point can be determined from the average surface pressure distribution as the
beginning of the constant pressure area, which occurs underneath the separated flow. At pre-stall this
yields xsep, unstalled/c≈ 0.65 and corresponds to the observation of trailing edge separation in figure 4a.
The presence of coherent motion in the separated flow at the trailing edge leads to slightly higher pres-
sure fluctuations there. Post-stall the separation point jumped upstream to xsep,stalled/c = −0.13. The
higher pressure fluctuation downstream of xsep,stalled/c with regard to the unstalled state are due to co-
herent motion in the separated flow region. The elevated pressure fluctuations upstream of xsep,stalled/c
indicate that the separation point fluctuates and flow locally alternates between attached and sepa-
rated (Simpson et al, 1981; Sicot et al, 2006). The mean surface pressure distribution associated with
stall development lies in between those associated with pre- and post-stall and has the highest overall
fluctuations. This confirms that the start- and endpoint of stall development determined based on the
second POD mode indeed delimit the period during which the flow evolves from stalled to unstalled.
Particularly interesting are the elevated fluctuations around x/c= 0.25 indicating unsteady flow phe-
nomena. To identify the unsteady phenomena leading to elevated surface pressure fluctuations and
to analyse in detail the movement of the separation point during stall development we revert to the
velocity field data.
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Fig. 6 Mean surface pressure distributions (a) and local surface pressure standard deviations (b) during pre-stall, post-stall,
and stall development.
3.2.2 Separation Point Movement
To estimate the location of the separation point from the PIV velocity fields we consider the horizontal
velocity component in the grid points closed to the airfoil’s surface, i.e. along the line indicated in
figure 8a. The location of the separation point is estimated by the most upstream location where
backflow is observed. During pre-stall there is almost no backflow and the separation point is located
near the trailing edge (figure 7a). At the very beginning of stall development, the separation point
moves abruptly upstream. Within less than 20ms the separation point moves from the leading edge to
x/c≈ 0. In comparison, the total duration of stall development is four times longer. Due to reflections,
there is no data available closer than z= 3mm to the surface and the location of the separation point
estimated based on PIV data is about 0.1c further downstream than the position estimated from the
surface pressure distribution. This does not influence the conclusion that stall development starts with
an abrupt upstream movement of the separation point.
3.2.3 Shear Layer Roll Up
To understand the flow development following the upstream movement of the separation point, we
analyse the location and the interaction of vortices in the instantaneous velocity fields during stall de-
velopment. In figure 9 instantaneous velocity fields during stall development are presented together
with the positions of vortex axis determined by the Eulerian vortex detection criterion mentioned in
section 2. At first, there are only positive vortices that are located in the shear layer between the free
stream flow and the recirculation region near the airfoil’s surface (figure 9(a)). At the beginning of
stall development, the recirculation region grows and the small-scale shear layer vortices move away
from the airfoil (figure 9(a)-(c)). At the same time, negative vortices emerge near the airfoil’s sur-
face and viscous interaction between the vortical structures increases. As result of these interactions
the shear layer rolls up and large-scale vortices are formed. The large-scale shear layer structures
are repeatedly formed at the middle of the separated zone, i.e. between x/c ≈ 0.2 and x/c ≈ 0.4
(figure 9(d)-(h)). This corresponds to the location where elevation surface pressure fluctuations were
observed during stall development (figure 6b). At the end of stall development, the flow has reached
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Fig. 7 Evolution of the location of the separation point (a), the size of the separated region (b), the lift coefficient (c), and
the pitching moment coefficient (d) during stall development.
a fully separated state with a large region of separated flow (figure 9(j)).
Comparing the process of shear layer roll-up during static and dynamic stall development (Mul-
leners and Raffel, 2012), there is one important difference. During dynamic stall, the shear layer rolls
up into a large scale dynamic stall vortex which grows locally and temporally, i.e. it remains in place
until it has grown strong enough to separate as a result of a vortex induced separation process. Once
separated, it is convected downstream and a second dynamics stall vortex can possibly be formed.
This scenario of coherent structure development is generally referred to as wake mode Gharib and
Roshko (1987); Hudy et al (2007). During static stall the shear layer rolls up continuously into large-
scale structures that grow spatially, i.e. while travelling downstream (figure 9(g)-(i)). This scenario is
similar to the flow structures development in a shear layer mode Hudy et al (2007).
To quantify the size of the recirculation or separated region, a polygon enclosing all detected
vortices was determined in the individual flow fields. The area of this polygon Asep was normalised
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Fig. 8 Visualisation of the line closed to the airfoil’s surface along which the separation point was determined and the
virtual separated area that arises when the angle of attack α = 15.5°, the separation point lies at the very leading edge, and
the separation line is straight and parralel to the free stream flow (a). The size of the actual separated region was estimated
as the smallest polygon enclosing all detected vortices (b).
by the area A0. The latter represents the virtual separated area of an airfoil with angle of attack
α = 15.5°, with the separation point at the very leading edge, and assuming a straith separation line
parralel to the free stream flow (figure 8a). Although this procedure is relatively rudimentary, we
clearly observe an increase of the size of the separated region during stall development (figure 7b).
The unstalled value represents the maximal extent of the separated flow region and is reached at the
end of stall development. Furthermore, there is a strong correlation between Asep(t) and Cm(t) during
stall development and during post-stall (figure 7b and d). The lift coefficient does not show a strong
correlation with either the movement of the separation nor with the size of the separated region.
During stall development, lift is more or less preserved and Cl does not drop significantly until the
end of stall development.
4 Conclusion
The unsteady flow dynamics during stall development on a stationary airfoil in a uniform flow were
investigated by means of simultaneous, time-resolved measurements of the velocity fields and the
airfoil’s surface pressure distribution. Airfoil stall was intentionally provoked by suddenly increasing
the angle of attack from slightly below to immediately beyond the static stall angle of attack. The start
and endpoint of stall development were specified based on the temporal evolution of the second POD
mode which represents a stalled flow state. The chronology of stall development starts with an abrupt
upstream movement of the separation point and ends with a significant drop of the lift coefficient. In
between, large-scale shear layer vortices are formed repeatedly in the middle of the separated zone
leading to increased surface pressure fluctuations at that location. The spatial growth of these vortices
leads to a continuously growing separation region which reaches his maximum size at the end of stall
development.
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